I. INTRODUCTION
In the past few years, InN thin films with remarkably improved crystalline quality has been realized by techniques of molecular beam epitaxy 1 ͑MBE͒ as well as metal organic chemical vapor deposition ͑MOCVD͒. 2 Many experimental evidences have indicated that InN is a narrow-band-gap material with an energy gap near 0.69 eV, [3] [4] [5] [6] [7] rather than the previously accepted value of ϳ1.9 eV. 8 This finding has stimulated considerable interest, because the potential application of ternary InGaN alloys can be further extended into the near-infrared range. Besides the thin film growth, the fabrication of InN nanostructures, such as nanorods 9, 10 and nanodots, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] also progressed during the last few years. Such nanostructures are fascinating, since the narrow-bandgap InN combined with wide-band-gap barrier materials ͑such as GaN or AlN͒ could form a low-dimensional system with large confinement energy. During the initial stage of heteroepitaxial growth by using either MBE ͑Refs. 11-17͒ or MOCVD ͑Refs. 18-22͒, InN nanodots with controllable size and density can be formed on GaN ͑Refs. 11, 13-15, and 17-22͒ or AlN ͑Refs. 17 and 19͒ templates, or directly on Si͑111͒ ͑Refs. 12 and 19͒ as well as nitridated sapphire 16 substrates. The nucleation process, structural properties, and even strain state of InN nanodots on various substrates have recently been investigated. 23, 24 However, only a few reports addressed the optical properties. [19] [20] [21] The growth of InN nanostructures with high crystalline quality and good optical properties for practical applications remains a great challenge. The difficulty arises not only from the large lattice mismatch between InN and the substrates, but also from the low decomposition temperature of InN. 25 It is expected to occur at 520-550°C, resulting in a rapid escape of nitrogen atoms from the surface. If the active nitrogen is insufficient to compensate such a decomposition, surface accumulation of metallic indium will occur. 26, 27 In MBE growth of InN, this problem may be partially solved by utilizing low growth temperatures, typically below 550°C. However, the situation in MOCVD became even worse, due to the inefficient NH 3 decomposition at 600°C and below. 25 In this regard, a higher growth temperature is preferred in the MOCVD growth of InN, in order to provide more active nitrogen. However, the growth temperature is usually limited to around 700°C, because of the indium desorption and other high-temperature effects, such as the increase in H 2 partial pressure, which is known to significantly hinder the growth of indium-containing nitrides. 28, 29 In our previous works, we have demonstrated that InN nanodots with good optical quality can be prepared by the flow-rate modulation epitaxy ͑FME͒. 30 It is a modified growth technique of MOCVD, in which the indium and nitrogen source precursors were alternately supplied. 20, 21 In this work, we further study the effects of growth temperature on the surface morphology and photoluminescence ͑PL͒ properties of InN / GaN nanodots grown by FME. In additions, InN dots grown by the conventional MOCVD method ͑i.e., a continuous growth mode͒ have also been investigated. The different morphologies of surface dots and their dependences on the growth temperature and the precursor injection scheme are discussed. PL characterization was used to evaluate the optical properties of InN nanodots. Intrinsic properties of InN nanodots, such as band gap energy, background electron concentration, and the formation of deep acceptor states, were obtained by PL line shape analysis. Our results provide valuable information for engineering the selfassembled growth of high optical quality InN nanostructures.
II. EXPERIMENTS
Samples in this study were grown on sapphire ͑0001͒ substrates in a MOCVD system using trimethylgallium ͑TMGa͒, trimethylindium ͑TMIn͒, and ammonia ͑NH 3 ͒ as source precursors. After nitridation of the sapphire substrate at 1120°C, a thin GaN nucleation layer was first grown at a͒ Author to whom correspondence should be addressed. Electronic mail: whchang@mail.nctu.edu.tw. 520°C, followed by the growth of an 1-m-thick undoped GaN buffer layer at 1120°C. The substrate temperature was then decreased to 550-730°C to grow InN nanodots. Two sets of samples with InN dots grown by FME and conventional MOCVD growth modes have been prepared at different growth temperatures. In FME, the gas flow sequence in one growth cycle consists of four steps: a 20 s TMIn step, a 20 s NH 3 step, and two 10 s purge steps of nitrogen carrier gas intervened in between. The TMIn and NH 3 flow rates were 150 and 18 000 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒, respectively. In addition, during the TMIn step, a small amount of NH 3 ͑with a flow rate of 1000 SCCM͒ was intentionally supplied in order to suppress the reevaporation of indium atoms. 21 The FME growth of InN dots were finally completed by a total of six cycles for all samples. For growing InN dots by conventional MOCVD, continuous flows of 150 SCCM TMIn and 10 000 SCCM NH 3 were supplied for 120 s. Note that the total amount of TMIn supplied in both growth methods are the same.
Surface morphologies of the InN nanodots were examined by atomic force microscopy ͑AFM͒. PL measurements were carried out at T = 10 K in a cryostat using the 488 nm line of an argon-ion laser as an excitation source. The PL signals were analyzed by a 0.5 m monochomator and detected by an extended InGaAs photodiode ͑with a cutoff wavelength at 2.05 m͒ using the standard lock-in technique.
III. RESULTS AND DISCUSSIONS

A. Growth and structural properties
Surface morphologies of the InN nanodots grown at different growth temperatures ͑T g ͒ by the conventional MOCVD and the FME methods are shown in Figs. 1͑a͒ and 1͑b͒, respectively. The scanned area for each AFM image is 10ϫ 10 m 2 . It is clear that the dot size and density are markedly influenced by the growth temperature. In general, the dot size increases whereas the dot density decreases with the increasing T g due to the enhanced surface mobility of adatoms. As shown in Figs. 2͑a͒ and 2͑b͒ the shape of these InN islands is hexagonal with a truncated flat top and steep faceted sidewalls as observed typically. The average height of FME dots increases from 11 to 30 nm as T g was increased from 550 to 650°C ͓see Fig. 3͑a͔͒ . At still higher T g , the average height remains constant at ϳ30 nm. In contrast, the average height of MOCVD dots increases continuously even for T g Ͼ 700°C, reaching 80 nm at 730°C. Apart from the dot height, their base length also changes with the growth temperature, as evidenced in Fig. 3͑b͒ . It is worth to note that the aspect ratio ͑height-to-diameter ratio͒ of the InN nanodots generally increase with the increasing T g . For MOCVD dots, the aspect ratio is typically around ϳ1 / 10 for T g Ͻ 700°C and increases to ϳ1 / 4 at T g = 730°C. On the other hand, the FME dots are flatter than MOCVD dots, with an aspect ratio of ϳ1 / 16 at T g = 550°C and increases to ϳ1 / 8 for T g ജ 650°C.
The variation of dot density as a function of T g is depicted in Fig. 4͑a͒ . For the conventional MOCVD growth, different behaviors can be clearly distinguished at about 700°C. At lower growth temperatures ͑T g ഛ 700°C͒, the dot density decreases gradually from 7.5ϫ 10 9 to 5.0 ϫ 10 8 cm −2 . However, at higher growth temperatures ͑T g Ͼ 700°C͒, the dot density decreases rapidly, and eventually no InN can be grown for T g Ͼ 730°C. For the case of FME, the dot density also decreases with the increasing T g , but shows a less rapid decreasing trend at growth temperatures higher than 700°C, as compared with that of MOCVD samples. Based on the surface morphology, the effective growth rate and its dependence on T g can be estimated. This was done by deducing the equivalent thickness of the deposited InN from the measured average height, shape, and the density of these InN dots. Such results are plotted as function of T g in Fig. 4͑b͒ . One can see that the highest growth rate was achieved by the FME method at T g = 650°C, corresponding to a growth rate of ϳ300 nm/ h. The conventional MOCVD growth shows lower growth rates in the lower temperature range and exhibits a maximum at T g = 700°C. However, the growth rate for both methods decreases rapidly when T g Ͼ 700°C.
The InN growth is controlled by a number of factors, such as the cracking efficiency of NH 3 , the InN decomposition, as well as the indium desorption. Because these factors are temperature dependent, the different surface dot morphologies and their dependence on T g , can be understood from the interplay among these factors together with the different precursor injection schemes used in the FME and the conventional MOCVD methods. In general, the growth process can be divided into three regimes, distinguished by differences in the surface kinetics of indium adatoms and effective In/ N atomic ratio on the surface in different growth temperature ranges.
In the lower growth temperature regime ͑T g Ͻ 600°C͒, the growth process is mainly limited by the low cracking efficiency of NH 3 . The InN growth in this regime is very inefficient so that a high NH 3 flow rate ͑or a high V/III ratio͒ is usually necessary in order to prevent the formation of indium droplet. Surface morphology in this regime is characterized by very dense islands' nucleation, due to the low surface mobility of indium and nitrogen adatoms.
In the intermediate temperature regime ͑T g = 600-700°C͒, the InN growth proceeds from dense to sparse islands' nucleation as T g was increased, indicative of an enhanced surface kinetics of adatoms. In addition, both growth methods in this regime show an increasing growth rate with the increasing T g . This can be attributed to a higher efficiency of NH 3 thermal cracking that provides more active nitrogen for the InN growth. However, the thermal decomposition of InN also becomes significant in this temperature range. Therefore, the InN growth in this regime becomes complicated by the competition between the forward and reverse reactions, depending on the effective In/ N atomic ratio on the surface. In Fig. 4͑b͒ , we can see that the growth rate of FME method starts to decrease when T g Ͼ 650°C, which is lower than the conventional MOCVD method occurring at 700°C. In FME, the InN growth proceeds only in the TMIn step, during which the background NH 3 flow was kept at only 1 / 10 of that used in continuous growth mode. With the increasing T g , the small amount of background NH 3 becomes unable to compensate the thermal decomposition of InN during the TMIn step, leading to a decrease in growth rate. In addition, as can be seen from the surface morphology shown in Fig. 1͑a͒ , the FME samples grown at T g Ͼ 650°C show some void area ͑as indicated by arrow͒ that is likely to arise from the thermal decomposition of InN and subsequent reevaporation of indium during the TMIn step. On the contrary, thermal decomposition of InN is expected to be less significant in the conventional MOCVD growth for T g ഛ 700°C due to the continuous supply of a high NH 3 flow rate. However, it is worth to note that the growth rate of the conventional growth mode is slower than the FME method for T g Ͻ 700°C. This may be a consequence of the high NH 3 flow rate, leading to parasitic gas phase reactions between hydrides and indium based metal organic compounds, especially when group III and group V precursors were simultaneously injected into the reactor.
In the high-temperature regime ͑T g Ͼ 700°C͒, the InN growth rate decreases rapidly, regardless of how the precursors were injected. Two possible effects can explain the rapid decrease in the InN growth rate. The first one is the indium desorption, which limits the sticking of indium adatoms on the growing surface and hence prevents the InN growth. Recently, indium desorption and InN decomposition during the MBE growth of InN have been studied in detail. 26, 27 However, the role of indium desorption in a MOCVD reactor is still not clear, because the growth environment is much more complex than that in a MBE system. Another one is the increase of H 2 partial pressure produced by a more efficient NH 3 thermal cracking at higher growth temperatures. It is well known that a high V/III ratio at high growth temperature will impede the growth of indium-containing nitrides, which may even lead to etching effect when a large amount of hydrogen is present. 28, 29 Indeed, this is also the reason why it is not possible to grow InN using H 2 as a carrier gas.
We also found that the use of different precursor injection schemes greatly influenced the evolution of dot size with growth temperature. As shown in Fig. 3͑a͒ , the average height of FME dots tends to be saturated at T g ജ 650°C, whereas the height of MOCVD dots increases with T g even up to 730°C. This finding can be explained by the impact of the amount of active nitrogen on surface kinetics of indium adatoms during the nucleation of InN nanodots. In FME   FIG. 4 . ͑Color online͒ ͑a͒ The density of InN dots grown by the FME and the conventional MOCVD methods as a function of T g . ͑b͒ The equivalent thickness of the deposited InN deduced from the dot density, the average height, and the shape of the InN dots acquired from AFM measurements.
growth, InN decomposition is expected to be significant at high growth temperatures ͑T g ജ 650°C͒ due to the low NH 3 flow rate during the TMIn step. The lack of active nitrogen might hinder excess indium adatoms from moving uphill to island tops, due to the preferential formation of In-terminated surface on the InN island tops under such In-rich conditions. As a consequence, indium adatoms tend to nucleate at the edge of InN dots, yielding islands of flat shape with a limited dot height as T g was further increased. On the contrary, because of the high NH 3 flow rate during the conventional MOCVD growth, the exposure to a large amount of active nitrogen tends to form N-stabilized surfaces on islands tops. This facilitates uphill transfer of indium adatoms to islands tops, forming dots of significantly higher aspect ratio and hence an increasing trend in dot height even for T g ജ 730°C.
B. Optical properties
The influence of growth temperature on PL properties of InN nanodots has also been investigated. Figures 5͑a͒ and 5͑b͒ displayed the PL spectra measured at 10 K for samples grown by FME and conventional MOCVD, respectively. No PL signal was observed for samples grown at 550°C. In fact, we found that InN grown at such low temperatures usually shows some indium droplets on the surface due to the insufficient amount of active nitrogen. For samples grown at T g ജ 600°C, a near-infrared PL emission band becomes observable in the range of 0.76-0.80 eV. The corresponding peak energy ͑E PL ͒ and integrated PL intensity ͑I PL ͒ as a function of T g are plotted in Figs. 5͑c͒ and 5͑d͒, respectively. A redshift in the PL peak with the increasing T g can be seen for both sets of samples. The MOCVD samples show a linear decrease in peak energy from 0.80 to 0.75 eV as T g was increased from 600 to 730°C. For the FME samples, it generally exhibits a lower PL peak energy than that of MOCVD samples at growth temperatures in the range of T g = 600-700°C. As T g Ͼ 700°C, similar peak energies were observed for both sets of samples.
Due to the band filling effect of the degenerated electrons in the conduction band ͑CB͒, the PL peak energy E PL is associated with both the band gap energy E G of InN and the CB Fermi energy E F with respect to the bottom of CB. At cryogenic temperatures and under low-level injections, the PL peak energy can be roughly approximated by E PL Ϸ E G + E F , as long as the Fermi level of photogenerated holes is close to the valence band ͑VB͒ edge. The electron Fermi energy E F is determined by the residual electron concentration ͑n e ͒ in the InN dots. On the other hand, E G may be a function of dot height due to the size quantization effect, especially for those dots with height Ͻ20 nm. Therefore, E G should be considered as an effective energy gap, determined by both the bulk energy gap and the confinement energy of the dots. This means that both the variation in n e and size quantization of the InN dots have to be taken into account for the observed PL peak energy shift.
To distinguish the effects of size quantization and the variation in n e on the PL spectra, E G and E F must be determined separately. We have employed a line shape model to analyze our PL spectra. The line shape model considers the recombination of degenerated electrons in the CB with photogenerated holes bound to VB tail states and/or acceptor states. 31, 32 The CB nonparabolicity, the energy-dependent CB density of states, as well as the corresponding electron effective mass are calculated in the framework of Kane's twoband k · p model. 33 The energy parameter E P of the k · p model was chosen to be E P = 10 eV, corresponding to an electron effective mass of m e * Ϸ 0.065m 0 at the bottom of the CB. 33 The electron concentration n e is considered as a fitting parameter, so that E F can be calculated from the CB dispersion at the Fermi wave vector k F = ͑3
2 n e ͒ 1/3 . The band tail is also determined from n e by calculating the root mean square of the fluctuated potential produced by ionized impurities. 31, 34 In the past few years, line shape models with different levels of sophistication have been developed and utilized to analyze the PL spectra of InN. 5, 10, 31, 32, 35 However, because our main interest is to find E G and E F of different samples, the lineshape analysis was further simplified by assuming a deltalike function for the energy distribution of photogenerated holes near the VB edge. In this way, the line shape of the PL emission band is approximated by the electron energy distribution in the CB. The simulated line shapes together with the measured spectra are shown in Fig. 6͑a͒ and 6͑b͒. The simplified model is able to give a reasonable approximation to the shape of PL spectra, especially for those MOCVD samples grown at T g Ͻ 700°C. However, for the MOCVD samples grown at T g Ͼ 700°C and those FME sample grown at T g Ͼ 650°C, we found that their PL spectra exhibit a low-energy shoulder ͑A2͒ at about 50-60 meV below the main PL peak ͑A1͒, which cannot be described by the model considering only one recombination path. According to Arnaudov et al. 31 and Klochikhin et al., 32 the lowenergy shoulder might be attributed to the recombination of degenerated electrons with a deeper acceptor state, as shown schematically in Fig. 6͑c͒ . When we included a deep acceptor state with a binding energy of E A2 =55Ϯ 5 meV, good line shape fittings can be obtained.
The fitting parameters E G and n e and the corresponding E F are listed in Table I , where the corresponding average dot heights are also included for comparison. The fitted value of FIG. 5 . ͑Color online͒ The PL spectra of InN dots grown by ͑a͒ MOCVD and ͑b͒ FME at various T g from 600 to 730°C. ͑c͒ and ͑d͒ are the PL peak energy and the integrated PL intensity as functions of T g , respectively.
E G , which lies in the range of 0.688-0.699 eV, agrees very well with the reported values. 5, 10, 31, 32, 35 It is worth to note that E F is very sensitive to the variation in n e . For the MOCVD samples, the shift in E F is nearly ϳ50 meV, even though the variation in n e is still in the same order of magnitude ͑from 4.3ϫ 10 18 to 2.0ϫ 10 18 cm −3 ͒. In contrast to the large shift in E F , the variation in E G is only about ϳ10 meV. This implies that the PL peak energy shift is mainly contributed from the variation in electron concentration, whereas the size quantization effect is not significant for the investigated dot heights. Indeed, the fitted values of E G show a slightly increasing trend with the decreasing height. However, the variation in the effective gap cannot be attributed solely to the size quantization effect, because some other effects on bulk energy gap, such as the band-gap renormalization 33 ͑caused by the electron-electron and electron-impurity interactions͒ and the energy position of photogenerated holes localizing in the VB tail states, 31, 36 are also incorporated into the value of E G in the simplified model. These effects are expected to reduce the bulk energy gap somewhat and hence counteract the size quantization effect on the fitted value of E G .
The electron concentration n e obtained from line shape fittings for both sample sets are plotted as function of T g in Fig. 7͑a͒ . In both cases, the background electron concentration in InN can be reduced by using a higher growth temperature, most likely related to a more efficient cracking of NH 3 . The FME samples generally show a lower n e than those grown by MOCVD for T g Ͻ 700°C, but approach nearly the same n e for T g Ͼ 700°C. Since the NH 3 flow rate used in the conventional MOCVD method is considerably higher than that used during the TMIn step of FME, it can be inferred that the relatively higher n e in MOCVD samples is likely to arise from the use of a high NH 3 flow rate. Similar effects have been observed in our previous study of FME grown InN dots, 21 where the use of a high NH 3 background flow always accompanied a high n e in InN dots. Apart from the background carrier concentration, the contribution of the deep acceptor state to the PL spectrum also depends on T g . As shown in Fig. 6 , the low-energy shoulder appears in MOCVD samples for T g Ͼ 700°C and in FME samples for T g Ͼ 650°C, and becomes intense with the increasing T g . Interestingly, by comparing the PL spectra with the deposited FIG. 6 . ͑Color online͒ Line shape fitting for the PL spectra of the ͑a͒ MOCVD and ͑b͒ FME samples. Symbols are experimental data, while the contributions from the recombination to the VB edge state ͑A1 peak͒ and the deeper acceptor state ͑A2 peak͒ are shown by dashed and dotted lines, respectively. The sums of the two recombination paths are indicated by the black solid curves. Gray solid curves means that only one recombination path was considered. ͑c͒ A schematic diagram for illustrating the recombination paths of different acceptor levels. InN amount shown in Fig. 4͑b͒ , one can see that the lowenergy shoulder appears when the InN growth rate starts to decrease. Although we are not able to identify the species of the deep acceptor state at current stage, it is clear that the deep acceptor state originated from the high-temperature growth, most likely related to indium desorption and other high-temperature effects that hinder the incorporation of indium into the growing surface. Indium vacancies ͑V In ͒ or their related defects arising from the lack of indium species are possible candidates for the deep acceptor state. Recently, the V In concentration in MOCVD-grown InN film determined by positron annihilation measurements was also found to increase with the increasing growth temperature. 37 This experimental finding seems to support our assignment of the low-energy shoulder in PL spectra to the formation of V In related defects.
Regarding the PL efficiency of the InN nanodots, a high PL efficiency usually indicates a good material quality with reduced nonradiative recombination centers. In Fig. 5͑d͒ , one can see that the integrated PL intensity as a function of T g shows a general correlation with the amount of deposited InN plotted in Fig. 4͑b͒ . In order to evaluate the PL efficiency of different samples, the integrated PL intensity was normalized to the amount of deposited InN, which is shown as a function of T g in Fig. 7͑b͒ . One can see that a higher PL efficiency can be achieved by using a higher T g for both growth methods. Furthermore, with the increasing T g , the increase in PL efficiency is found to be larger than the decrease in n e as evidenced in Figs. 7͑a͒ and 7͑b͒ . For a dominant Auger recombination process, the PL efficiency is expected to have a 1 / n e dependence. Therefore, the large increase in PL efficiency reflects that such an improvement in PL efficiency arises not only from the reduced n e , but also from the reduced nonradiative recombination centers.
Before concluding, we would like to remark on some relevant features with regard to the growth optimization of InN dots. In our previous work, 21 we have demonstrated that the size, shape, and density of the InN dots can be controlled by using different NH 3 background flows in the FME growth. In this study, as has been discussed in the Sec. III A, it is clear that the growth temperature is also an important parameter for engineering the self-assembled growth of InN nanostructures. Therefore, by optimizing both parameters, i.e., the growth temperature and the NH 3 flow rate, it is possible to control the size and density of the InN dots independently, in the range with surface density ranging from 6 ϫ 10 6 to 1 ϫ 10 10 cm −2 . In the context of realizing high intensity light emitters using InN dots as an active material, the growth of small and high density InN dots is very important. In general, a higher dot density can be achieved by a lower growth temperature and a higher NH 3 flow rate. However, InN dots grown under such conditions usually show inferior optical properties. For practical applications, a compromise between the optical quality and the structural properties seems to be inevitable. Recently, Ruffenach et al. 22 demonstrated that the surface density of InN dots can be further controlled by using different rare gases as a carrier gas. A very high dot density ͑5 ϫ 10 10 cm −2 ͒ was achieved by replacing the nitrogen carrier gas by argon. Although the influence of rare gases on the optical property of InN dots is still unclear, this method may provide a different approach to achieve both high density and high optical quality InN dots.
IV. CONCLUSIONS
InN / GaN nanodots grown by the FME and conventional MOCVD methods have been investigated. The characteristic size, density, and shape of InN dots were greatly influenced by the growth temperature together with the precursor injection schemes. In terms of their optical quality, the growth temperature range for InN nanodots was found to be T g = 600-730°C. For T g ഛ 700°C, higher growth rate can be achieved at a lower growth temperature by the FME method than the conventional MOCVD growth, due possibly to the alternate injection of group III and group IV precursors, which might mitigate the parasitic gas phase reactions. The optimal growth rate was achieved by the FME method at T g = 650°C. For T g Ͼ 700°C, the growth of InN by both methods is still sustainable while retaining its optical quality, but at the expense of a very low growth rate. The effects of growth temperature on intrinsic properties of InN nanodots were studied, in which the effective band gap energy and the residual electron concentration were obtained by PL line shape analysis. We found that the incorporation of deep acceptor states became more severe at a higher growth temperature, which might relate to the formation of In vacancies or their related defects. Our results also suggest that a higher growth temperature is beneficial for both reducing the residual carrier concentration and enhancing the PL efficiency of the InN dots.
